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THE SOURCE AND FATE OF NITROGEN in the forest ecosystem is dependent 
upon a variety of abiotic and biotic processes, including the interventions of 
man. While the greatest source of N is biological fixation, significant 
quantities of N are being added annually from precipitation, dry fall-out, 
biogeochemical erosion, as well as an increasing amount from synthetic 
fertilizers. After addition, potentially all of the N is subject to any or all of 
numerous transformations, many of which are going on simultaneously in the 
soil system. Since the optimum conditions vary among transformations, the 
extent of each transformation will vary at any given point in time and space. 
Man, through various techniques and objectives, can have a significant 
impact on the N economy within the forest ecosystem and subsequently on 
the efficiency of forest management. On the following pages, we have 
attempted to trace N through its various possible pathways on a forested site 
through either natural or man-controlled causes. The objective, in the final 
analysis, is to aid the forest manager. 


Nitrogen Accumulation 
Abiotic 


Water. Precipitation provides a variable amount of N to the forest 
ecosystem. Additions range from 0.74 to more than 30 kg/ha/yr (104, 217) 
for areas in northern Europe and the USA. However, Stewart (222), suggests 
that a more general figure would be between 4 and 10 kg/ha/yr. 

Not only does the amount of N in precipitation vary, but the form varies 
and may depend upon numerous factors. Earlier values for N in the 
precipitation were primarily for ammonium and nitrate (217). Junge (115) 
indicated that the main form of N in precipitation is nitrate; however, 
Weetman (250) suggested it is ammonia. It is generally agreed that nitrite 
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does not make up a significant proportion of the precipitation N. For both 
rural and urban areas in Wisconsin, Hoeft et al. (104) found that less than 
3.0% of total precipitation N could be accounted for as the nitrate ion. Along 
the Oregon coast, precipitation contained no detectable ammonium, very 
little nitrate and nitrite, but sizable proportions of organic N (230, 231). The 
yearly increment of N averaged 1.49 kg/ha, which was in an undeveloped 
area. 

Increases in the combined forms of atmospheric N result from variations 
of man’s activities. Industrial development and the concomitant increase in 
urbanization can account for significant changes in atmospheric N (250). 
About 1% of the earth’s atmospheric pollutants are attributed to nitrogen 
oxides originating from forest fires (64). The amounts that might be oxidized 
to more readily plant-available forms is not known. 

Four sources have been suggested as the origin of atmospheric N. Portions 
are attribuable to animal and industrial wastes, to electrical and photochemi- 
cal fixation of atmospheric N, and fixation in the track of meteorites (109). 
However, the main source of combined atmospheric N probably originates 
from soil or ocean surfaces. Hutchinson (109) maintained that decomposing 
soil organic matter releases significant quantities of N to the atmosphere, 
while Stewart (222) suggested the main source of N is from the ocean surface 
which contains copious quantities of plankton and other debris. Subsequen- 
tly, the natural foaming action caused by wind and wave action has the 
potential to release substantial amounts of N to the atmosphere in an aerosol. 

Transport of N by other aqueous carriers in space and time is less well 
understood than the enrichment due to precipitation. Run-on has been 
implicated as a form of N accretion (74, 91). There are few reliable estimates 
for the extent of run-on, which represents the transport of N from one 
position to another. Also, run-on enrichment is not necessarily limited to 
natural causes. Excess irrigation water often contains substantial N and 
could constitute a run-on source (10). The transport of absorbed N on 
inorganic colloids and as organic matter in alluvium also occurs. As with run- 
on of dissolved ions, N contained in alluvium may constitute N transport from 
one place to another without a positive change in the overall N budget. 


Dry Fallout. Not all of the combined atmospheric N is added to the soil via 
an aqueous carrier. Under drought or naturally arid conditions, the amount 
of air-transported N could be significant either locally or over long distances. 
The source of this N is undoubtedly the earth’s crust, which tends to become 
less stable under drying conditions. 

Soil absorption of ammonia from the atmosphere has been suggested as 
another mechanism for N accretion (133). The absorption was reported to be 
directly dependent upon partial pressures of ammonia above the soil (49, 50). 
In addition, it was suggested that clayey soils and acidic soils were more 
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efficient than sandy soils and high pH soils in absorbing ammonia. Although 
plant residues were capable of absorption, high organic matter soils were less 
efficient than a mineral soil of a comparable cation-exchange capacity in 
absorbing atmospheric ammonia. 


Weathering of Parent Material. The geochemical distribution of N could, over 
long time intervals, play an important role in N accretion. It has been 
estimated that, of the total N contained in the biosphere and geosphere, 
97.8% is found in fundamental rocks, as compared to 1.9% in the atmosphere 
(217). The remainder is distributed ameng terrestrial humus, sea bottom 
compounds and living organisms. It is thought that the N contained in 
fundamental rocks is held as nitrides of iron, titanium, and other metals, and 
perhaps as ammonium salts. Adams and Stevenson (1) found that the N in 
soil parent material (C horizon) existed as ammonium held primarily by 
silicate minerals. Although N held in the earth’s crust and in the C horizon of 
soils does not constitute a readily available source, it could be viewed as a 
potential reservoir of available N after appropriate weathering that might 
partly offset losses from the forest ecosystem via denitrification or leaching. 


Chemical Fixation. While the Haber-Bosch process requires temperatures in 
excess of 300°C and pressures of at least 200 atm, recent discoveries suggest 
two methods by which dinitrogen may be abiotically “complexed” by certain 
metals at ordinary temperatures and pressures (56). While it is unlikely that 
such chemical fixation mechanisms will account for a significant increase of 
combined N, ultimately these studies of chemical fixation may lead to an 
understanding of biological mechanisms and allow man to utilize biological 
forms more efficiently. 5 


Synthetic Fertilizers. Nitrogen fertilizer consumption on all lands in the 
continental USA between the years 1950 and 1972 has increased from 
870,000 metric tons to 7,300,000 metric tons (98). By the year 1980, it is 
estimated that N fertilizer usage will be in excess of 10,900,000 metric tons. 
Of the total usage, at least 83% is currently being applied to agronomic and 
horticultural crops. 

In 1972, about 82% of the fertilizer N applied in the continental USA was 
in the form of anhydrous ammonia, N solutions, and ammonium nitrate 
while the remaining 18% consisted of urea, aqua ammonia, and ammonium 
sulfate (98). 

In recent years, about 81,000 ha of forest have been fertilized in the 
southeastern USA. Three timber-based firms are annually fertilizing over 
4,000 ha (L.W. Haines, personal communication). Nearly all of the fer- 
tilized forest has been either loblolly (Pinus taeda L.) or slash (Pinus 
elliottii Engelm.) pine. Although P is applied most frequently, the amounts 
and areas receiving N are increasing rapidly each year. Ammonium 
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nitrate and urea have been used extensively. To lesser degree, ammo- 
nium sulfate and diammonium phosphate have been used. Generally, 
application rates of N have been 100 to 200 kg/ha. 

Biotic 

Free-living Organisms. In discussing the efforts to characterize agents of 
fixation, Wilson (257) rightly points out that claims of N-fixing species are in 
excess of the verified species possessing the capability. Rapid, presumptive 
evidence for dinitrogen fixation can be obtained by utilizing the ability of 
nitrogenase to reduce alternate substrates. The acetylene reduction assay of 
N fixation has gained popularity because of its sensitivity and ease of 
analysis. However, definitive classification of N fixers requires confirmation 
with '°N, (96). 

Verified agents of fixation include such organisms as Azotobacter and 
Clostridium (257); Beijerinckia (12); and numerous blue-green algae, 
perhaps the most important ones being Nostoc and Anabaena (117). 
Examination of photosynthetic bacteria revealed that members of all three 
families were capable of N fixation, but only anaerobically (257). Other 
organisms possessing active nitrogenase systems include Klebsiella pneumo- 
nie, Bacillus polymyxa, Bacillus macerans and Methanobacterium omelian- 
skii (257). In addition, Mycobacterium flavum (15) and several species of 
Desulfovibrio (96) have been unequivocally shown to fix N on the basis of N- 
based and acetylene reduction assays. The acetylene assay has provided 
tentative evidence for a fixation capability for Thiobacillus ferrooxidans as 
well as in shortening the list of supposed N fixers (96). 

Postgate (174) suggests that N fixation is most common among the 
anaerobes and becomes increasingly rare among the facultative anaerobes. 
Further, he maintains that it appears likely that N fixation is restricted to 
procaryotic organisms, principally to those considered to be the most 
primitive, i.e. anaerobes. 

With the advent of the acetylene reduction assay, an increasing number of 
estimates for field measurements of potential N fixation have appeared. The 
most recent figures are summarized by Hardy et al. (96). For a variety of 
conditions from prairie to forest soils, cultivated versus uncultivated soils and 
from the USA, Canada, Japan, and Sweden, the equivalent fixation rate 
would be in the order of 1 to 5 kg N/ha/yr. Conditions which supported a 
greater rate were characterized either by a supplemental energy source or the 
presence of blue-green algae. Given these circumstances, claims for equiva- 
lent fixation rates to 51 kg N/ha/yr were made. For most forest soils, the 
fixation rate was considerably lower. 


Microbe-Microbe. Lichens are considered outstanding examples of 
symbiosis. There has been much speculation about the nature of the 
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relationship between their constituent algae and fungi (208). Dinitrogen 
fixation is attributed to those lichens whose partner is a blue-green alga. Both 
'SN, and acetylene reduction have been used to verify fixation capabilities for 
lichens. Some of the more common lichens reported to fix N include Collema 
(21, 102), Leptogium (21), and Peltigera (102). 


In a study of 122 samples of volcanic and arid soils, the amino-N of the 
lichen-stabilized surface crust constituted the bulk of the soil N (202). The 
average amount found was 4312 ppm N, mainly incorporated in living 
protoplasm. In addition, total nitrite and nitrate contents associated with the 
lichen crust were 1.6 to 4.0 times greater than those of a bare surface soil. 


Microbe-Leaf. For convenience of discussion, the microbe-leaf symbiotic 
association will be divided into two areas; intra- and extracellular. In the 
former instance, Daubenmire (58) estimated that there are some 370 species 
of plants which harbor bacteria in a nodular hypertrophy on the leaf surface. 
Typical of this symbiosis are two genera of the family Rubiacew. Both the 
plants Psychotria and Pavetta are capable of entering into a symbiotic 
relationship with the microorganism Klebsiella (44). Non-nodulated plants of 
Psychotria bacteriophila (= Psychotria punctate Vätke) are dwarfs but 
subsequent inoculation and infection by Klebsiella results in fixation and 
normal growth. i 


The extracellular site of potential N fixation is the phyllosphere. Its 
importance remains speculative, although some investigators maintain it 
plays a substantial role in N accretion. 

Ruinen (193) noted the occurrence of Beijerinckia in the phyllosphere of 
numerous plants. In subsequent work, Ruinen (194) confirmed that the 
energy source was sufficient to permit fixation to occur when N fixers such as 
Azotobacter and Beijerinckia were inoculated onto leaf surfaces. However, 
this experiment lacks proof that field-grown plants were actually supporting 
vigorous fixation. Later, in working with Tripsacum laxum Nash, Ruinen 
(195) isolated several N-fixing organisms from the sheath portion of the grass 
leaf. In this particular study, he attributed a minimum of 3.5 kg N/ha/yr to 
phyllospheric fixation. Unfortunately, there were no field measurements of 
fixation. 

Utilizing the '*N, enrichment technique, Jones (111) attempted to verify 
fixation in the phyllosphere of Douglas-fir (Pseudotsuga menziesii (Mirb.) 
Franco). Douglas-fir foliage exposed to an excess of '*N,, after a suitable 
incubation period, contained an excess of the isotope. In addition, two 
unidentified bacteria were isolated from the phyllosphere and were proven to 
be capable of fixation. The importance of such fixation in the total N 
economy of a forest site remains to be demonstrated, although Jones (111) 
suggested that the fixation rate might be between 53.6 and 119.5 g N/ha/day. 
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Microbe-Root. Perhaps the greatest biological input of N into the forest 
ecosystem occurs as a result of associations between microbes and plant 
roots. Probably the best known microbe-root relationship occurs between 
species of the bacterial genus Rhizobium and numerous species of the family 
Fabacew (Leguminose). The importance of this symbiotic relationship has 
long been recognized in food production. It has been estimated that a crop of 
soybeans (Glycine max Merrill) fixes about 80 to 105 kg N/ha/yr (96). 
Other estimates of fixation for leguminous crops have averaged up to 200 
kg/ha/yr (221). 

Numerous studies and reviews have thoroughly documented minute 
aspects of the RAizobium-plant relationship. Although these are too nume- 
rous to cite, a few of the more important reviews are Allen and Allen (9), 
Dixon (66), and Vincent (243). Unfortunately, from a forest management 
viewpoint, each of these reviews is directed towards agronomic situations and 
the subject of fixation in wildland ecosystems by the Rhizobium-leguminous 
plant association remains almost entirely unknown. Information on the 
distribution of leguminous plants in forest ecosystems is vitally needed. This 
information should not only include leguminous trees, but also the many 
herbaceous and shrubby species that have a ubiquitous distribution. Also, 
efforts should be made to ascertain species distribution, nodulation habits, 
and potential for fixation. 

It has been estimated that there are over 13,000 different species of 
leguminous plants (38). Of these, only 10 to 20% have been examined for the 
presence of nodules, and of those examined, about 90% were observed to be 
nodulated (4). For some 1,200 tropical species, Norris (155) indicated that 
approximately 9% were never observed to bear nodules. However, it should 
be pointed out that the absence of nodules is not a guarantee that a species is 
of a non-nodulating type. There are several reasons which may account for 
the absence of nodules: 

1. Appropriate endophyte is not present. 

2. Endophyte is unable to infect the root. 

3. Environmental conditions are not favorable for nodulation. 


Conversely, the presence of nodules on roots is no guarantee of N fixation. 
Continued efforts to ascertain nodulation as well as the potential for fixation 
should be intensified for leguminous species occurring in wildland ecosys- 
tems. 

Rhizobial-induced nodulation is not the only source of microbe-root 
associations in the plant kingdom. While leguminous plants do occur with 
regularity in most forest ecosystems, perhaps more prevalent are non- 
leguminous but nodulated plant species. Nodulation occurs within both the 
gymnosperms and angiosperms. The extent of nodulation has been documen- 
ted in numerous reviews (7, 13, 20, 204, 269). Most prevalent are those 
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species which occur within the angiosperms. These represent at least 113 
species, 15 genera, and 10 families (269). Undoubtedly, as detailed observa- 
tions are made, additional nodulated, non-leguminous plants will be discover- 
ed. Recent additions include several species of the genus Cercocarpus (105). 
Others, such as described by Farnsworth and Hammond (82), must await 
verification of their capacity to fix N. Verification of fixation by species 
previously claimed to be N-fixing must be continued. 

Generally, leguminous plants are more active than non-leguminous plants 
in fixation. Average reported activities by the acetylene reduction assay are 
0.20 and 0.045 nmoles/min/mg fresh weight of leguminous and non- 
leguminous nodules, respectively. Further conversion of this to a field basis 
for both types of plants would be 80 to 105 kg N/ha/yr for soybeans (97), 56 
kg N/ha/yr for Alnus glutinosa Gaertn. (2), and 15 kg N/ha/yr for Myrica 
cerifera L. (205). Other investigators have reported fixation under field 
conditions of 72 and 104 kg N/ha/yr for snowbrush (Ceanothus velutinus 
Dougl. ex Hook.) (Youngberg and Wollum, unpublished), 197 kg N/ha/yr 
for Hippophe rhamnoides L. (223), and 320 kg N/ha/yr for red alder (Alnus 
rubra Bong.) (151). 

Although the potential for N fixation appears to be great in forest 
ecosystems, additional studies are needed to verify the potential of other 
species for N accretion, particularly under various intensities of manage- 
ment. Obviously, this information is not easily obtained and may require 
measurements taken over long periods. 

A serious limitation to the utilization of non-leguminous plants in forest 
management is the lack of information on the exact nature of the nodule- 
forming endophyte. Whereas the leguminous plant endophyte, Rhizobium, is 
easily isolated and shown to be able to induce nodules on the appropriate 
host, the identity of the non-leguminous endophyte is not known. Several 
investigators (14, 88, 203) have inferred from electron micrographs that the 
endophyte resembles an actinomycete. Others (8, 105, 238, 263, 268) have 
isolated Streptomyces spp. from surface-sterilized nodules of such genera as 
Ceanothus, Alnus, Coriaria, Myrica, Purshia, and Cercocarpus. None of 
these investigators has satisfied Koch’s postulates with his isolates. 
Therefore, all claims of endophyte isolation must be regarded as tentative. 


Rhizosphere Interactions. Another microbe-root system that has received too 
little attention regarding N fixation is the rhizosphere. This relationship 
involves a variety of plants and the free-living forms of N fixers. The 
acetylene reduction assay has stimulated investigations of the potential for a 
significant rhizosphere effect. 

Until recently, as Jurgensen and Davey (116) point out, much of the work 
with rhizosphere fixation dealt with Azotobacter. With few exceptions, the 
results of studies on the importance of Azotobacter in the rhizosphere were 
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slight and frequently negative. A notable exception is the work of Dobereiner 
(67, 68) with several Paspalum species. 

Probably of greater significance is the anaerobic fixation which occurs in 
the rhizosphere of numerous plants. Apparently, there is a strong rhizosphere 
effect on Clostridium, although it has been pointed out that the various 
claims need confirmation by independent investigations (116). Besides the 
strict anaerobes, the facultative anaerobe Bacillus polymxya shows a strong 
rhizosphere effect (47); the predominant N-fixing speciesin most acid, forest 
soils (117). Appreciable numbers of N-fixing Clostridium were also found in 
several tree nursery soils, but were seldom found in forest or tundra soils. 

The importance of anaerobic conditions is emphasized by Evans et al. (79) 
and Raju er al. (176). In these two studies, anaerobic N fixers were isolated 
from the rhizospheres of soybeans and corn, respectively. In the former case, 
members of the group Klebsiella-Aerobacter were most often isolated, while, 
in the latter, a representative isolate was found to be Enterobacter cloacae. 
Raju er al. (176) conclude their paper by stating “Obviously, more research is 
necessary to determine the contribution of fixed nitrogen to agricultural crops 
by facultative anaerobic bacteria in root environments.” Certainly, this is the 
situation for forest crops as well. 


Nitrogen Transformations 


Nitrogen Pools in Soil 


Total soil N varies from less than 0.02% in subsoils to greater than 2.5% for 
some peats. The average N content for most surface soils ranges from 0.03 to 
0.4%. Generally, the amount of total N decreases with depth in the soil profile 
(24). 

Under normal circumstances, most of the soil N occurs in a combined 
organic form, while only 5 to 10% exists either as ammonium, nitrate, or 
nitrite. Most of the anionic nitrate and nitrite exists in the soil solution, 
whereas the cationic form occurs as either exchangeable or fixed ammonium. 
For 19 Pacific Northwest soils, the ratio of fixed to total N increased with 
increasing soil depth (265). In addition, fixed ammonium varied between 0 
and 585 ppm for volcanic and basaltic soils of Hawaii (144). It was also 
observed that the ratio of fixed ammonium to total N was greater for the 
basaltic soils than for the soils of volcanic origin. 

Nitrate and exchangeable ammonium in appropriate concentrations are 
readily utilized, although some organisms may exhibit N form-species 
interactions. Fixed ammonium is very slowly available for organism utiliza- 
tion. In assessing ion uptake by higher plants, one must recognize the 
significant effects caused by microorganisms. They may influence ion uptake 
through such processes as: microbial absorption of the ion, modification of 
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root hair formation, and radiation of fungal hyphae into surrounding soil 
(192) as well as through mycorrhizae. Under natural conditions, the extent of 
the different forms of N present will depend on the species of plant, amount 
and type of organic matter, and environmental conditions which would affect 
such N transformations as mineralization, immobilization, nitrification, and 
denitrification. 

The remainder of the soil N, some 90 to 95%, exists in some organic form. 
From 20 to 50% of the organic N occurs in some bound amino configuration 
(24). Although the “free” amino acids are low, Sowden and Ivarson (213) 
detected almost all common amino acids with the exception of cystine and 
methionine. Earlier, it had been observed that amino acids added to soil are 
rapidly and completely degraded (198). This might suggest why free amino 
acids are not abundant in soils. In characterizing the bound amino acids, 
Young and Mortensen (266) detected some 50 ninhydrin positive compounds 
as well as a number of ninhydrin negative compounds. 

The next most abundant N compounds in soil are the amino sugars which 
constitute about 10 to 20% of the total organic N (24). The most common 
amino sugars are glucosamine and galactosamine (214). Concentrations 
generally decrease with depth (219). The presence of purines and pyrimidine 
derivatives in soil is well established, although they probably do not account 
for more than 1% of total N (24). 

Various fractionation procedures in soil organic matter studies have 
yielded information concerning the nature of soil organic N. In studies of 
three Piedmont soils, Jorgensen (113) hypothesized that the soil property 
influencing soil N most was base saturation. The higher base-saturated soil 
had a consistently lower percent of nitrate and exchangeable ammonium and 
insoluble humin N, but a higher hydrolyzable ammonium and amino sugar 
content than the soils with a lower base saturation. However, the amino-N 
fraction still made up approximately half of the total and the hydrolyzable 
ammonium and amino sugars a quarter of the total soil N, regardless of the 
initial base saturation. 

The availability of the organic N fraction is difficult to ascertain. Sowden 
(212) maintained that the organic matter fraction is not highly resistant to 
proteolytic enzymes; the amino acids of the soil organic matter being 
combined primarily through peptide bonds. However, Greenfield (93) 
suggested that the very resistant forms originate directly from leaf litter and 
that there exist complexes of leaf protein with such organic constituents as 
tannins and various polysaccharides which are resistant to breakdown. 

Obviously, many of the differences noted in soil organic matter studies are 
directly related to the origins of the parent substances and environmental 
factors operative during formation. For this reason, one must not attempt to 
ascribe a single chemical structure for all organic matter. Differences will 
occur from site to site, although basic similarities may exist. The basic 
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structure is thought to be composed of aromatic ring structures bridged by 
-0-; -NH-; -N= ; and -S- linkages (218). Two common fractions of soil 
organic matter are fulvic and humic acids. Generally, the fulvic acid fraction 
is greater in forest soils than in grassland soils (218). 

While significant quantities of N in forest soils are associated with the 
mineral soil, perhaps even a more important reservoir exists in the forest floor 
itself. Estimates for forest floor N in kg/ha include: 160 to 1300 for second 
growth Douglas-fir (267) ; 332 for lodgepole pine (Pinus contorta Dougl. ex 
Loud.) (148); 80 for pifion-juniper (Pinus spp. — Juniperus spp.) and 883 
for white fir (Abies concolor Gord. & Glend.) Lindl. (261); 890 for black 
spruce (Picea mariana (Mill.) BSP.) (190); and 350 for loblolly pine (252). 


Nitrogen Fixation 


The transformation of the dinitrogen molecule to ammonia is a reductive 
process. Dalton and Mortenson (56) suggest that this process occurs through 
a binding of dinitrogen to the surface of the nitrogenase enzyme followed by a 
series of three, two-electron reductions. The sequence is visualized : 


r H H a H of e" 

=N =t =N——S>> =N= 2 NH;+R 

RN Ns RN Nu $a ya ‘ 
(dinitrogen) (diimide) (hydrazine) (ammonia) 


where R represents the enzyme nitrogenase. The enzyme-bound intermedi- 
ates of the reaction have not been isolated, but are thought to be diimide and 
hydrazine. 

According to Dalton and Mortenson (56), most investigators consider 
nitrogenase to consist of two easily separable components; one being an 
azoferredoxin (Fe protein) and the second a molybdoferredoxin (Mo-Fe 
protein). The Fe protein and Mo-Fe protein have molecular weights ranging 
from 51,000 to 55,000 and 132,000 to 222,000, respectively, depending upon 
the originating N-fixing system. Comparable nitrogenase has been isolated 
from free-living microbes, and from leguminous plants in symbiotic rela- 
tionship with Rhizobium, but not from the nodulated, non-leguminous 
plants. However, due to similarities in the fixation process, it is thought that, 
when isolated, the enzymes of the nodulated, non-leguminous plants will be 
similar to the other N fixers. 

The reduction of N by nitrogenase requires ATP and a source of reduced 
ferredoxin, which Burris (39) suggests functions as a low potential electron 
transport factor. There are only minor differences in the fixation scheme 
between the free-living microbes and symbiotically growing Rhizobium (39, 
80). In symbiotic systems in vivo, it is thought that ATP must be derived from 
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oxidative phosphorylation. In addition, it has been demonstrated that the site 
of fixation in leguminous plants resides within the bacteroid (80). A 
comparable structure has not been identified in the nodulated, non- 
leguminous plants, but fixation is thought to be located with the vesicle, 
although this hypothesis lacks definitive proof (2). 

Whether the N fixation process is occurring in free-living organisms or in a 
symbiotic association, potentially the N transformation can be influenced by 
many soil properties. Molybdenum, Ca, Fe, and Cu are considered to 
be specifically required by N-fixing systems (80, 103). Additionally, Co 
is thought to be specifically required in symbiotic systems for the elaboration 
of a Co-containing vitamin B,, complex (80). 

The additions of fertilizer N to the soil results in a reduction in biological 
fixation (96). Likely the presence of a‘ readily available N source for the 
organism decreases the need for the organism to fix its entire supply. In 
symbiotic systems, it has been observed that small amounts of combined N, 
from 5 to 10 ppm, stimulate nodule production, but greater quantities result 
in a corresponding decrease in both nodule number and mass and fixed N 
(191, 220). 

The effect of soil acidity on species composition and activity of organisms 
is difficult to ascertain, especially since increasing acidity would have a 
concomitant influence over the availability of ions of elements such as P, Al, 
and Ca (116). Factors other than soil chemical properties play an important 
role in governing N fixation. In symbiotic systems among the nodulated, non- 
leguminous plants, where nodules are perennial, young nodules had greater 
activity (2, 223). However, greater amounts of N may be fixed in older stands 
merely because the nodule mass is very large. 

Optimum soil temperatures for fixation vary between 15 and 25°C, with 
essentially no activity at 0°C and significantly reduced activity above 30°C 
(2). Optimum temperatures for fixation vary among organisms and are 
representative of the temperatures of the environment from which the 
organism was originally isolated. Fixation is strongly diurnal in soybeans, 
corresponding in part to periods of maximum photosynthesis (97). Wheeler 
(254) noted that Alnus exhibited a strong diurnal fluctuation, but Akkermans 
(2) could not detect this variation. 

The soil oxygen level and its relation to nitrogenase are intimately related 
to moisture content. Under natural conditions, Azotobacter fixes N at an 
optimum rate when the pO, is between 0.1 and 0.2 atm (57). Leguminous 
plants and nodulated, non-leguminous plants fix N best when the pO, is 
somewhere between 0.2 and 0.4 atm. Facultative and strict anaerobes fix N 
under strictly anaerobic conditions. The relation of water to free-living 
fixation, particularly at low pO,, is probably related to the potential for O, 
diffusion to occur. Under moist conditions, replenishment of O, is slow and 
probably the cause of the greater rates of fixation associated with wet 
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conditions (36, 121, 171, 182, 183). Fixation was directly related to sample 
moisture content in surface soil samples from annually burned loblolly pine 
stands (114). While fixation increased as moisture was added, there was not a 
subsequent increase in the number of active samples. 

For the symbiotic associations, the effect of moisture is related to plant 
stress. Utilizing 0.35 bars suction and 23.9°C as optimum conditions for 
soybean N fixation, an increase of suction to 2.50 bars with temperature 
remaining constant reduced fixation by 50% (123). Increasing temperature to 
about 30°C with an increase in suction to 2.50 bars resulted in an almost 
complete loss of N-fixing activity. 


Mineralization-Immobilization 


In its normal complexes, N in and on the soil is almost entirely unavailable 
to most plant roots with the possible exception of a few amino acids (146). 
Therefore, before the bulk of the soil N can be utilized, it must undergo a 
series of chemical or biological reactions. When most nitrogenous substances 
are attacked, the N of the substrate is eventually released as ammonia. The 
process is generally referred to as mineralization. At the same time, the 
developing microorganisms also require a source of N for growth and 
subsequent development; thus, the organisms are continually placing de- 
mands on the available N supply and incorporating N into their plasm. This 
microbial N uptake has been referred to as immobilization. During microbial 
growth, the opposite processes of mineralization and immobilization occur 
simultaneously. 


Abiotic. Increased mineralization in the presence of several salt solutions 
has been observed (33, 206). Increasing salt concentrations increased 
apparent mineralization and the effect of the cation was in decreasing order 
Al, Fe, Ca, Mg, K, and Na. Increased mineralization was attributed to the 
solvent effect of the salt solution on soil organic matter (33). However, in 
waterlogged soils, no salt effect was detected (196). 

In addition, a possibility exists for a strictly chemical immobilization 
between ammonia and soil organic matter (28). Nitrogen from ammonium 
chloride and glycine are readily fixed as is N from calcium cyanamid (154). 
More N is retained as alkalinity increases, with maximum immobilization 
taking place between pH 10 and 12. Also, more fixation occurs under aerobic 
than anaerobic conditions (154). About 50% of the chemically immobilized N 
is resistant to hydrolysis with 6 N HCI (154). 


Biotic. Overrein (157) found, when he applied 100 ppm N as urea to 
Norway spruce (Picea abies Karst) and Scots pine (Pinus sylvestris 
L.), he could partition 16% of the added N to plant uptake and 
60% to immobilization. Others have reported uptake figures ranging 
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from 3 to 23% of applied N, where it was added as ammonium sul- 
fate, calcium nitrate, or calcium cyanamid (17, 153). Other figures for 
microbial immobilization range to as high as 91% in acid raw humus where 
nitrate was applied (158). While the northern European conditions are not 
typical of all forested situations, it is probably safe to assume that the N 
equilibrium in soil is generally in the direction of immobilization. 

There are a number of factors which influence the mineralization- 
immobilization reactions in soil. In general, those factors which influence 
organic matter decomposition will also govern the extent of mineralization- 
immobilization. The most important factors are the nature of the substrate, 
soil moisture, temperature, soil animals, and microbial populations (259). 
With respect to substrate, it has been noted that there is a definite species 
variation, as the litter of some species is more readily degradable than that of 
others (59, 258). The lack of N mineralization observed in some soils of a 
volcanic origin is thought to be due to the lack of a suitable energy source, 
although the organic matter content is high (110, 239). 


Moisture and favorable temperatures are required for any organism to 
metabolically function. Generally, mineralization rates increased proportion- 
ally from 0 to about 3 bars, although mineralization does occur at tensions 
in excess of 15 to 22 bars (145), Some investigators have noted greatest 
mineralization occurring under alternating wetting and drying cycles (16, 
199). In poorly drained and anaerobic environments, the mineralization of N 
proceeds at a slower rate than in a well-drained aerobic environment (237). 
As far as temperature is concerned, mineralization will occur over the entire 
range of temperatures that are suitable for biological activity. 


Mineralization of N is also influenced by soil chemical properties. The 
liming of acid soils significantly increased mineralization rates over non- 
limed soils (256). In addition, Broadbent (27) has observed that standard crop 
fertilization also enhances the extent of mineralization. This kind of 
observation has given rise to a priming hypothesis which suggests that applied 
nutrients, particularly N, allow for greater mineralization than if nutrients 
had not been applied. This hypothesis has advocates both for (46, 159) and 
against (3, 100). Apart from any priming effects, essential nutrients must be 
present and in the appropriate balance to allow for an adequate microbial 
development before significant mineralization will occur. 


The initial attack on protein probably takes place as a hydrolysis reaction 
where the protein is cleaved into subunits of polypeptides. Subsequently, the 
polypeptides are degraded into their constituent amino acids. These reactions 
are thought to be carried out extracellularly by a broad group of proteolytic 
enzymes (4). The freed amino acids may be taken up in small quantities by 
plant roots (42) or are metabolized by ihe heterotrophic microbial popula- 
tion. 
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Numerous organisms are involved in the mineralization process, including 
soil animals. These organisms play important roles in: reducing the size of 
particles and making them more easily invaded by other organisms: 
selectively decomposing and changing portions of the organic residues: 
transforming residues into humic substances; forming aggregates of organic 
matter with the mineral soil; and mixing the organic materials with the upper 
soil horizons (73). 

Mineralized N and added fertilizer N have a tendency to become 
immobilized. Numerous researchers have found that immobilized N becomes 
progressively stabilized (31, 32, 124). This has been referred to as N reversion 
and suggests that though the N may be remineralized, proportionally less and 
less will actually undergo remineralization. For this reason, some investiga- 
tors regard N as occurring in separate pools (26, 215). Basically, N is 
visualized first in a mobile, microbial pool, readily mineralized and subject to 
reutilization, while the second pool is associated with the stable portion of the 
soil organic matter. During utilization, it is thought that quantities of N are 
“leaked” to the stable pool, subsequently to be retained against intense 
microbial activity. 


Nitrification 


Long recognized as an important biological process, the production of 
nitrate has taken on even greater significance in recent years. Although 
nitrate is utilized by a variety of organisms, under certain circumstances, it is 
produced in excess of what can be taken up. When this occurs the potential 
for environmental pollution exists. Movement of N into the ground water or 
other aquifers by leaching may become an important problem, especially in 
those areas receiving N-containing fertilizers. 

Nitrification in forest ecosystems has far-reaching implications which go 
beyond the question of species “preference” for either ammonium or nitrate. 
Although some plants seem to preferentially utilize a specific form of N, in 
most cases, plants will utilize whatever N is available. Of more immediate 
significance is the fate of the end product of the oxidation of ammoniacal 
fertilizers. 


Nitrate Mobility. Due to the anionic nature of the nitrate ion, it is relatively 
mobile within the soil matrix. Consequently, it is subject to leaching when 
excess water from precipitation or irrigation is present. Under leaching 
conditions, the nitrate could become a constituent of streams and other 
natural bodies of water. It has been suggested that nitrate from fertilizers is 
one source of water pollution (209). On the other hand, in areas of restricted 
drainage, there is a great potential for its buildup. In a forest ecosystem, there 
exists only a remote possibility for excessive nitrate concentration in plants 
because of the abundance of oxidizable carbon in the forest floor. Alternative- 
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ly, it could be used by microbes as a terminal electron acceptor, with the 
subsequent release of volatile forms of N (29). 


Organisms. In contrast to the autotrophic population of N oxidizers, a 
variety of heterotrophic organisms possess the capability for some oxidation 
of N. Nitrification by heterotrophic organisms may contribute to the buildup 
of nitrite (242). It is well known that nitrite can produce toxic symptoms at 
much lower levels than nitrate. There is no apparent taxonomic relationship 
among the heterotrophs capable of N oxidation (5). The ability for 
nitrification is distributed among such diverse genera as Aspergillus, 
Penicillium (81), Fusarium (69), Pseudomonas (5), and numerous other 
bacteria, fungi, and certain actinomycetes (5). In fact, in testing over 1,000 
heterotrophs, Eylar and Schmidt (81) found that 26, 17, and 27% of the 
bacteria, fungi, and actinomycetes, respectively, were capable of producing 
nitrate from reduced N compounds. 


It is generally assumed that the autotrophic organisms Nitrosomonas 
sp. and Nitrobacter sp. are responsible for the oxidation of N. However, 
Bergey’s Manual (23) includes five other N-oxidizing autotrophic genera, in- 
cluding the ammonium-oxidizing Nitrosococcus, Nitrosospira, Nitrosogloea, 
and Nitrosocystis, and the nitrite-oxidizing Nitrocystis. These autotrophic 
organisms utilize the oxidation of the various N compounds as their sole 
source of energy. 


Environmental Factors. Under natural conditions, the rate-limiting factor for 
nitrification is the extent of ammonification, while, with N fertilization, 
nitrification has been shown to vary with the N source. On acidic sandy soils, 
anhydrous ammonia was nitrified more rapidly than urea and urea more 
rapidly than ammonium sulfate (77). In this same study, it was shown that 
nitrification of all three N sources was more rapid in limed than non-limed 
soils. Wollum (260) has also shown that, in a soil of pH 6.5 which was 
supporting ponderosa pine (Pinus ponderosa Laws.), urea was more rapidly 
nitrified than ammonium sulfate. In these studies, the effect of N source is 
probably due to the rapidly increasing alkalinity. 


In the presence of ammonium, both acidity and cation-exchange capacity 
(C.E.C.) have a marked influence on the nitrification rate. Among biological 
processes, autotrophic N oxidation stands out in its sensitivity to hydrogen 
ion concentration. In general, Nitrosomonas is the most sensitive, having an 
optimum range between pH 7 to 9, whereas Nitrobacter is less sensitive and 
can oxidize nitrite over a range between pH 5 and 10 (5). However, under 
most conditions, the organisms will have a pH optimum which reflects the na- 
tive pH of the soil from which they were isolated (131). The effect of C.E.C. 
on nitrification is at least two-fold. Under conditions of low C.E.C., there are 
fewer exchange sites for ammonium and, with less ammonium adsorbed, 


82 WOLLUM AND DAVEY 


there will be a greater amount of ammonium in the soil solution (210). Also, 
the soil solution pH will be higher, with the tendency for a greater percentage 
of the reduced N to be in the form of ammonia. 

Nitrification has other effects on the soil environment. Repeated applica- 
tions of ammonium fertilizers and subsequent nitrification may lead to a 
progressive soil acidification (6). Increased acidity not only affects the 
activity of plants and microbes, but may also influence the availability of 
important elements, particularly Fe, Mn, Al, Ca, and P. 

Nitrifying organisms have temperature optima which are similar to the 
temperatures of their original environment (131). Rarely does nitrate appear 
in soils when the temperature is above 40°C. On the other hand, there have 
been numerous reports of slow but significant quantities of nitrate being 
formed between 2 and 10°C (84, 118, 270). 

Another factor influencing the rate of nitrification in soils is soil moisture 
tension. Nitrification occurs throughout the entire range of plant-available 
water (177); however, at a reduced rate at greater moisture tensions. In 
working with a limed silt loam soil, Sabey (197) found that the maximum 
rate of nitrate accumulation occured at 0.1 bar tension and mean rates at 
0.33, 1, 5, and 15 bars tension were 71, 53, 29, and 13% as great as the rate at 
0.1 bar tension. Also interacting with moisture levels would be the degree of 
aeration. Alexander (5) has noted that all of the N autotrophs, as well as the 
known nitrifying heterotrophs, with one possible exception, are obligate 
aerobes. Conditions which would restrict oxygen diffusion should also 
influence nitrification. Thus, there has been a number of reports correlating 
degree of saturation with rate of nitrification (108, 185, 200). Undoubtedly, 
the operative mechanism in these situations was a lack of oxygen for the 
organisms to utilize as their terminal electron acceptor. 


Vegetation. Bollen and Wright (19) have shown that nitrate content of soils 
supporting red alder was greater than those soils supporting a virgin stand of 
coastal redwood (Sequoia sempervirens (D. Don) Endl.) in the same area. A 
variety of other types of plants has been reported to influence nitrification 
including : saltbush (A triplex vesicaria Berth.) (186), corn (Zea mays L.), and 
alfalfa (Medicago sativa L.) (149). 

In a different type of study, Rice (180) and Rice and Pancholy (181) have 
observed a decrease in nitrification in association with climax vegetation as 
compared to pioneer species. They found this in both prairie and forest 
ecosystems. Rice and Pancholy (181) hypothesized that the decrease in 
nitrification represents a conservation of energy and that the biological 
equilibrium for N utilization of climax stands is in the direction of the 
ammonium ion. 


Control of Nitrification. Numerous losses of N have been attributed to the 
nitrate ion. Since nitrate represents one of the primary environmental 
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pollutants, much work has been directed toward the control of nitrification as 
a mechanism for reducing N losses from the soil-root zone. The means for 
control of nitrification have been thoroughly reviewed by Parr (165) and only 
the salient points will be mentioned. 


1. Controlled Release Concept, Currently, ammoniacal fertilizers are 
being manufactured with coatings of different solubilities and thicknesses. 
Some of the coating materials include: plastics, resins, waxes, paraffins, 
asphaltic compounds, and elemental sulfur, With different solubilities 
regulated by varying thicknesses, the fertilizer release is supposedly timed to 
coincide with the daily or seasonal N use patterns. In these instances, the 
potential rate of nitrification is not altered, but the substrate available to be 
nitrified is limited. 


2. Balanced Dissolution Approach. A modification of the previous 
concept, the balanced dissolution approach depends on differential solubili- 
ties of different sized fertilizer granules, In general, the larger the granule, the 
slower the rate of dissolution. Therefore, by controlling the blend of granule 
sizes, a controlled release mechanism is achieved. 


3. The Inhibitor Approach. The autotrophic bacteria are particularly 
sensitive to various inhibitors such as: 2-chloro-6- (trichloromethyl) pyridine 
which inhibits the genus Nitrosomonas. This compound does not inhibit the 
nitrifying heterotrophs (201). Other compounds have been proposed as 
nitrification suppressants, some of which are 2-amino-4-chloro-6 methyl 
pyrimidine (54) and potassium azide (162, 166). In addition, some chlorina- 
ted anilines (234), fungicides (161), herbicides (53, 70), and fumigants (92. 
136) have shown significant effects on the rate of nitrification or on the 
nitrifying organisms. 


NH, Volatilization 


The hydrolysis of urea to ammonia is an important pathway for the 
conversion of organic N to inorganic N, particularly in those soils receiving 
either urea-based fertilizers or animal wastes. The enzyme responsible for the 
breakdown of urea is urease, which apparently acts extracellularly. The 
process is a two-step reaction involving ammonium carbamate as the 
intermediate product, while the end products would be the equivalent of 2 
moles of ammonia and | mole of CO,. 


Most, if not all, soils contain a measurable quantity of the enzyme, urease, 
to effect the hydrolysis. McGarity and Myers (138) determined for 48 soils in 
five great groups in northern New South Wales that all possessed significant 
activity. Although these samples were obtained primarily from pasture soils, 
other investigators have noted significant activity under a variety of 
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environmental conditions and crops. Thus, urease activity has been reported 
for various forest soils (188, 245, 247). 

There are few specific soil properties correlative with urease activity. 
However, those factors which enhance general microbial activity will also 
enhance the extent of urease activity in soil. 

The location and persistence of the urease enzyme have fascinated 
investigators a long time. Soils treated with toluene (138) and sterilized by 
gamma radiation (189) retain their urease activity. In addition, Burns er al. 
(37) have demonstrated that soil urease is resistant to the action of proteolytic 
enzymes. These investigators hypothesize that urease is protected by the 
organic matter, and that the activity is associated with the silt-clay fraction. 
It is likely that a considerable portion of the “free” soil urease, urease not 
associated with developing microorganisms, is absorbed on the soil colloids 
(169). 

The amount of ammonia lost by volatilization can be significant and values 
ranging from 18 to 78% loss are not uncommon (244). Although the 
volatilization occurs primarily at the soil surface or on the forest floor, urea 
compounds trapped in the vegetation are also subject to volatilization (245). 

The extent of volatilization depends upon a number of factors including air 
movement, temperature, and soil acidity (247). Generally, increasing tempe- 
ratures increase the potential for volatilization (83). Although volatilization 
occurs at 10°C, it is much more rapid at higher temperatures (30), Under 
optimum conditions, maximum volatilization coincides with the completion 
of hydrolysis of the urea. Normally, this takes place within three to four days 
of application (43). Overrein and Moe (160) noted that rate and duration of 
volatilization were directly related to the amount of urea applied. They 
postulated that, with the larger applications of urea, pH remained higher for 
a longer period of time than with smaller urea applications. Under these 
favorable conditions, ammonia volatilization was enhanced. 

Attempts to retard or reduce urea hydrolysis and, subsequently, ammonia 
volatilization through the use of microbial inhibitors or specific fertilizer 
blends has proved somewhat successful. Sulfur-coated urea applied with or 
without superphosphate was slowly hydrolyzed (43). Ordinary urea applied 
with superphosphate was more stable than applications of plain urea. In 
addition, Bremner and Douglas (25) observed that urea-phosphate com- 
pounds reduced volatilization losses to 0.7% from an average of 21.2% for the 
ordinary urea. 

Ammonia volatilization is not restricted to urea compounds, as any 
ammonium material can be volatilized if appropriate conditions exist. Under 
acid to neutral conditions, the ammonia-ammonium equilibrium is toward 
the ionized form. At pH 6.0, about 0.1% occurs as non-ionized ammonia, but 
at pH 7.0, 8.0, and 9.0 the non-ionized ammonia is 1.0, 10, and 50%, 
respectively (246). 
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Denitrification 


Abiotic. Basically, the non-biological reactions that involve volatilization of 
N from nitrous acid are (29): 

|. Chemical decomposition of nitrous acid at low pH, 

2. Decomposition of nitrous acid with amino acids (Van Slyke reaction), 

3. Reactions of nitrous acid with ammonia or urea, and 

4. Reactions of nitrous acid with soil constituents, primarily soil organic 

matter or metallic cations. 

Generally, these reactions require excessively high nitrite levels, low pH, or 
concentrations of metallic cations not normally associated with most soil 
systems. While these non-biological reactions may potentially occur, under 
ordinary circumstances they should not constitute an important contribution 
to total denitrification. By far the most important denitrification reactions 
will be those related to the biological reduction of oxidized forms of N in soil. 


Biotic. Losses of N due to denitrification may reach 84% of added N (119, 
125, 237). Biological denitrification is a respiratory mechanism, utilizing 
nitrate as a terminal electron acceptor. Subsequent N reductions may lead to 
the liberation of nitrogen dioxide, nitrous oxide, nitric oxide, and dinitrogen 
(40, 52). The capacity for nitrate reduction resides in a number of different 
microorganisms (112). Especially active organisms include Bacillus spp. 
Other prominent bacterial genera active in nitrate reduction include: 
Achromobacter, Brevibacterium, Corynebacterium, Flavobacterium, and 
Vibrio as well as strains of Nocardia (89, 179), Denitrification by autotrophs 
is not uncommon (134). Also, Bollag and Tung (18) noted that Fusarium 
oxysporum and Fusarium solani were capable of volatilizing N from nitrate. 

Denitrification is not limited to one type of environment, but occurs under 
numerous conditions, from flooded (173) to desert or tropical soils (128, 129) 
as well as in solodized-solonetz soils of Australia (139) and under acid and 
alkaline conditions (130). While denitrification has not been demonstrated in 
forest soils, lack of accountability for added N is often attributed to 
denitrification. In fact, given the cosmopolitan nature of the denitrifying 
population, it would be surprising if denitrification did not occur in most 
forest soils. 

There are few requirements for active denitrification other than a nitrate 
source and an energy source. A variety of combined carbon compounds may 
act as a suitable energy source for the heterotrophic denitrifiers (29). In 
certain instances, elemental sulfur has been added to enhance autotrophic 
denitrification (134). The rate of denitrification also appears to be indepen- 
dent of the nitrate concentration as long as the nitrate supply exceeds the 
denitrification rate (29). 

The O, relationships for denitrification are very puzzling, particularly in 
view of claims for ‘‘aerobic’’ denitrification. Cady and Bartholomew (41) 
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suggested, however, that when the soil O, content was less than 7% that 
denitrification would proceed. Yet, it should be pointed out that these figures 
are dependent upon existing conditions, particularly oxidizable C compounds 
(11). Also, respiring roots have been shown to enhance denitrification by 
lowering the pO, as well as providing a readily oxidable energy source 
through exudates (22). Others have noted that, under alternating wetting and 
drying cycles, denitrification is enhanced (168). 

Rather than looking at O, relations, consideration of redox potentials (164) 
has been suggested. Denitrification was especially prevalent between +500 
and +350 mv which are not particularly severe reducing conditions. 
However, in order to understand denitrification, particularly under apparent 
aerobic conditions, one must recognize the existence of microsites of reducing 
conditions within an aerobic matrix. Thus, Nommik (152) was able to explain 
certain denitrification relationships with soil aggregation. In addition, 
Skerman er al. (207) suggested that an organism may actually use two 
alternative respiratory pathways simultaneously. 

The rate at which denitrification takes place has some bearing on the 
importance of the loss mechanism. If long periods of time are required, one 
would be forced to dismiss denitrification as a non-important loss mecha- 
nism. However, such is not the case. Under appropriate conditions, losses 
approaching 50% of added N can occur within 2 to 4 days (152, 168). 


Nitrogen Fate in Forest Management 


In the preceeding sections, the manifold abiotic and biotic reactions which 
N may undergo have been detailed. In addition, the conditions which favor or 
hinder these reactions have been suggested. In this section, the intention is to 
look at some of the more common site-manipulative steps employed in 
current forest management and see how they affect the N economy of the site. 
Operations involved will be considered chronologically from site preparation 
through harvest rather than attempting to assign any importance ranking to 
them. 


Site Preparation 


Water Management. Engineering aspects aside, there probably is no such 
thing as too much water for tree growth, regardless of species. From the 
biological aspects of forest management, the drainage of wet sites or the 
creation of elevation of planting microsites, through bedding or similar 
operations, really involves oxygen management. 

There is ample evidence that both tree species (63, 107) and N- 
transforming members of the soil microflora (34, 62, 75) differ in their 
response to soil aeration. Drainage or bedding improves the aeration of the 
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surface soil, This in turn will decrease denitrification and increase mineraliza- 
tion and nitrification. Thus, the availability of N will increase and so will the 
possibility of leaching, especially if beds are improperly oriented (236). 


It might be assumed, for acidic sites at least, that N fixation by free-living 
anaerobic organisms would be enhanced in the non-drained condition. This is 
so because few, if any, aerobic N fixers are active on acidic sites (35, 116, 
Sundstrom, personal communication to M. F. Jurgensen). However, in most 
aerobic soils, anaerobic microsites exist where these microbes may be active. 


Water management on dry sites usually involves operations calculated to 
conserve available moisture through increasing infiltration. This can be done 
by contour furrowing. Some soils have an additional hazard in that they are, 
or can easily become, water-repellant, especially following fire (60). The most 
effective methods of dealing with such soils is to prevent fire and, perhaps, by 
shallow discing prior to planting. The objective of water management on dry 
sites should be to increase the moisture supply for both seedlings and N- 
mineralizing microflora. 


Soil Manipulation. The primary justification of bedding has been water (or 
oxygen) management on wet sites. However, the practice is becoming 
increasingly common on well-drained sites which have ample oxygen and no 
excess water, Improved survival and early growth of trees often result from 
this practice. There is no doubt an improvement of some soil physical factors 
and probably some temporary control of competing vegetation, but the 
primary benefit from bedding in these situations is a consequence of an 
improved nutrient regime. First, the bedding plow doubles the thickeness of 
the nutrient-rich top soil. This does not increase the available nutrients per 
hectare but it does concentrate them in the immediate vicinity of the seedling. 
Second, a good bedding plow inverts the top soil on the bed. This puts two 
layers of forest floor face-to-face in an environment well-suited to microbial 
activity. The results are an increase in the rate of mineralization of nutrients, 
especially N, and consequently, an increased rate of nutrient cycling without 
actually increasing the nutrient capital of the site. Also, some increase in N 
fixation by free-living organisms may occur, but this is not the primary benefit 
of bedding on well-drained sites. The older practice of discing a site prior to 
planting offers some of the same benefits as bedding; however, the effect is 
not as strong as on beds. 


If an infertile site has recently been logged and slash has been broadcast on 
the area, a prescribed burn will release nutrients quickly. Some will enter the 
soil and be available for plant uptake. Some may be lost through overland 
flow if the topography is steep. Nitrogen will be volatilized as N, and lost 
(61). Subsequent N-fixation may be enhanced by the released cations, but if 
planting is done immediately after a burn, a temporary N shortage may 


88 WOLLUM AND DAVEY 


result. On more fertile sites, the soil N pool is usually large enough so that 
this is not a consequence of slash burning. 

The quality of a site is highly dependent upon the N in both the forest floor 
and in the mineral soil. This fact was demonstrated conclusively by Zinke 
(273) when he related site quality to total N to a depth of 120 cm. 

The addition of N fertilizers to a site at planting has not met with 
outstanding success in many cases. The reasons for this are that competing 
vegetation is better prepared to take advantage of the N than are the freshly 
transplanted tree seedlings. In addition, even when competition is controlled, 
the response of seedlings to large doses of N have been short-lived. In the 
humid areas of North America, it is quite possible to build the levels of soil P 
and K through fertilization, but not so for N (76). Therefore, N needs and 
potential uses are highly dependent upon the tree species planted and its 
current requirements. This is true at all stages of a stand’s development; not 
just at establishment. 


Vegetation Control. Generally, it is agreed that the elimination of competing 
vegetation is beneficial to very young forest stands. What may not be as 
universally recognized is that some vegetation may co-inhabit a site with trees 
and improve the N economy of the site sufficiently to more than compensate 
for any detrimental effects it may have otherwise. This has been demonstra- 
ted both with leguminous N-fixing plants (85, 86, 87, 272) and non- 
leguminous ones (240, 248, 262, 264). The over-riding worth of N-fixing 
plants has not been universally accepted (271) and in some cases, such as the 
role of wax myrtle (Myrica cerifera L.), its value or lack thereof does not seem 
to have been studied sufficiently to rate comment. One of the best known, 
effective non-leguminous N fixers is red alder which has the added advantage 
of being a timber species as well as a site improver. It also has been 
implicated in the biological control of Poria weirii (126). The biology of this 
species has been studied in detail (235). 


Fire and Thinning 


Two silvicultural tools which can have an influence on the soil N economy 
are prescribed use of fire and thinning. In each instance, the opportunity 
exists for N loss from the site and for N transformation on the site. In both 
cases, oxidation of organic matter is accelerated. 

DeBell and Ralston (61) estimated that, in a typical burn in loblolly pine, 
less than 0.5 kg N/ha is released in a form which could be returned to the soil 
in precipitation. The amount of N released from burned litter has been 
estimated at 57% (78) and 62% (61). These values are in quite close agreement 
even though the burned materials differed considerably. Nitrogen is lost 
almost entirely as N,. 
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Burning has resulted in the addition of ammonium-N to the underlying 
humus and mineral soil layers, but of very little nitrate (45). Subsequently, 
nitrification may be increased due to increased availability of substrate 
ammonium and essential elements. 


The long-term use of fire has been reported both for the northeast (127) 
and the southeast (252). These studies point out rather conclusively that 
proper use of fire does not reduce the amount or availability of N on the sites 
investigated. The study of Wells (252) is particularly revealing. After 20 years 
of burning at different frequencies and different times of the year and 
comparing these results with non-burned plots, the greatest total N (in the 
residual organic layers plus the top 10 cm of mineral soil) was found in those 
plots which had been burned annually in the winter. The non-burned plots, as 
expected, contained the most N in the organic layers, but, unexpectedly, were 
next to lowest in total N in the overall depth investigated. These figures are 
perhaps somewhat less of a surprise when it is noted that, even under the cool 
climate of New England, over a 20-year period about 97% of each year’s litter 
had decomposed on non-disturbed and non-burned sites (127). Others have 
also indicated no significant loss of N from the site due to the prescribed use 
of fire (120), and some have reported a stimulation of N fixation following 
prescribed fire (114). 


Finally, it should be noted that proper use of fire does not remove the forest 
floor completely. Sweeney and Biswell (227) noted that 76% of the litter was 
consumed, but only 23% of the duff was lost after fire. Also, in a five-year 
annual burn in oak-mountain mahagony chaparral, 66% of the litter 
remained (167). 


When forest stands are thinned, the slash may either be left in the forest or 
removed, as in whole-tree logging. In the former case, a large amount of high 
C/N ratio residue is added to the site and, in the latter, N is actually 
removed from the site. In either case, an adverse effect on N availability may 
occur, The effect of residual high C slash has been investigated under a range 
of site conditions (48, 190) and in no case was an adverse condition noted. 
Roberge et al. (190) reported an increase in N content in current needles 
formed four growing seasons after an upland black spruce stand was thinned 
at two levels of intensity. They found a direct relation between foliar N 
content and intensity of thinning which ranged from 0.85% in the non-thinned 
stand to 1.20% in the 50% thinned stand. 


The severity of N loss due to whole-tree removal, either in thinnings or 
final harvest, has not been thoroughly investigated since in-woods chipping 
and whole-tree logging are relatively new harvest methods. In general, it can 
be said that the less fertile the site, the more significant will be the loss of 
nutrients which would normally have been left on the site. 
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Use of Fertilizer 


Several other papers in these proceedings will deal with the use of fertilizers 
in forest management. Consequently, only certain aspects of this subject will 
be dealt with here. 


Nitrogen Form-Species Interactions, Because of its amphoteric nature, N can 
be offered to the plant in various forms, from the most oxidized nitrate 
through the non-ionized urea to the most reduced ammonium. Various tree 
species seem to respond more favorably to the anionic nitrate while others 
respond to the reduced forms of urea or the cationic ammonium. Definition 
of this “preference” has not been delineated for many species, but some 
relations have been investigated. In general, conifers do best with either all 
reduced N or a mixture of ammonium and nitrate (63, 137, 175, 241). Data 
for Douglas-fir (175) are confusing, since nitrate was reported to be 
intermediate in its effectiveness between urea and ammonium. 

Some of these studies have been conducted in the field where urea is subject 
to hydrolysis and ammonia volatilization ; ammonium is subject to nitrifica- 
tion; and nitrate is subject to leaching. Consequently, results need to be 
considered in light of the conditions under which the work was conducted. 
Probably the most carefully-done work was that of McFee and Stone (137) 
which resulted in a unambiguous conclusion that Pinus radiata D. Don is 
better able to utilize ammonium than nitrate. 

A careful reading of Webster’s book (249) on N metabolism in plants leads 
one to conclude that, unless the plant has an internal, physiological need for 
an electron acceptor to accomodate excess photoreductant or to balance 
organic salts, nitrate should never be a more effective N source than 
ammonium. However, for some tree species and many agronomic crops, 
nitrate is a more successful source of N. Thus, it probably serves some 
secondary purpose as well as being a source of N in these plants. 

A further complication of the N-use problem has been reported by Krupa 
et al. (122). They reported on studies of N metabolism of mycorrhizal and 
non-mycorrhizal roots of Pinus nigra Arnold and Corylus avellana L. which 
were grown in soil. In non-mycorrhizal roots of both plants, arginine and 
citrulline accumulated while, in mycorrhizal roots, these decreased and 
glutamine and asparagine increased. The pool of free amino acids was larger 
in mycorrhizal roots than non-mycorrhizal roots. This was apparently 
caused by greater synthesis in the plant and not simply greater proteolysis. 
Such results imply that not only must the higher plant be considered in 
determining the N source to apply, but also the root symbionts and perhaps 
even the dominant rhizosphere microflora. 


Nitrogen Source Efficiencies. Different sources of N are subject to various 
transformations and ease of transport in the forest ecosystem. These 
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reactions in turn influence the efficiency of any given N source under a set of 
ecological conditions. 

Non-ionic urea has been quite popular as a source of N for forest 
fertilization, particularly in cool climates. In many instances, urea appears to 
be a favorable N source (147, 172, 187, 245) whereas, in other cases, its use 
must be carefully considered because of possible losses (99, 156, 158, 247). Of 
interest is Holmen’s (106) report that until 1968, urea constituted at least 95% 
of the N fertilizer used in Sweden. Since then, its use has declined and in 1972 
was only 28% of the fertilizer N applied. No explanation for this decline is 
offered, but ammonia volatilization must be considered as one possible cause. 

Recent work by Carrier and Bernier (43) has shown that the loss of ammonia 
from urea applied to jack pine (Pinus banksiana Lamb.) was directly propor- 
tional to the amount of urea applied. No ammonia was lost when the N sour- 
ce was ammonium sulfate, ammonium nitrate, or S-coated urea. Concurrent 
applications of superphosphate and potassium-magnesium sulfate with urea 
also reduced volatilization losses. 

Recent results (G. W. Bengtson, personal communication) suggest that 
nitrification of urea may be unexpectedly rapid on wet, acid sites under 
currently practiced intensive management. Many wet sites are now bedded 
and simultaneously receive phosphate fertilizer prior to planting. The 
combination of better aeration, increased available P, and alkaline conditions 
which occur in the microsite near granules of added urea provide ideal 
conditions for nitrifying bacteria. It may be naive to assume that there will be 
no trouble with nitrate in the ground water since a reduced form of N (i.e. 
urea) has been applied to a wet, acid site. 

Fertilizer N may serve as a primer to stimulate mineralization of native 
soil organic N and increase the apparent efficiency of the fertilizer. In a study 
by Terman and Brown (233), crop recovery of N was linear at all rates 
applied. When the uptake of soil N was determined by regression from the 
fertilizer N recoveries, it exceeded the actual uptake from the non-fertilized 
plots by about 40 kg/ha. The difference was attributed by the authors to 
additional N from the soil which had become available in the fertilized plots, 
but which was not available on the non-fertilized plots. 

For a thorough consideration of the possible fates of fertilizer N and ways 
in which the efficiency of the various forms may be increased, the reader is 
directed to the paper by Parr (163). This review covers the biological, 
chemical, and geological aspects of the subject in an impressive manner. 


Biological Side Effects. Increased tree growth is not the only result of N 
fertilization. Some side effects may be favorable, such as increased seed 
production in seed orchards (71, 72, 94) or decreased survival of root 
pathogens (126, 150), or somewhat less than favorable, such as increased 
susceptibility to disease (65, 140) or even increased susceptibility of lumber 
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cut from fertilized trees to wood destroying fungi (140). Fertilization with N 
has been reported to cause both poorer tree configuration (large persistent 
branches) (255) and improved stem form (a reduction of taper) (170). 


Internal Cycling 


Nutrients enter the ecosystem, cycle within the system for various lengths 
of time, and eventually are transported to a new site. At any point in time, 
there is a particular distribution of nutrients within the various components 
of the system. A significant gain or loss of a nutrient such as N upsets the 
equilibria and requires the establishment of new equilibria. The influence of 
the climate, soil, biota, and man’s activities on the magnitude and speed of 
nutrient movements have been the center of considerable attention in recent 
years (55). 

Rapid mineralization of nutrients is likely to occur on a devegetated area 
due to high insolation and a lack of a biotic sink for the liberated nutrients. 
Such sites are susceptible to nutrient loss by water transport until new 
vegetation occupies the site. Pioneering species can reverse the process and 
hasten the return to steady-state nutrient cycling (135). As succession 
continues, the nutrient demand by the expanding forest community also 
expands. The time and magnitude of maximum nutrient demands vary with 
the species (178). However, within limits, a given species grown on various 
soils will have about the same nutrient content with large differences found 
only under conditions of luxury consumption or near starvation (178). Pines 
express their greatest need for N prior to age 30 (178, 211). The latter authors 
reported that 77% of the N contained in a 60-year-old stand of loblolly pine 
was accumulated within the first 23 years. Similar patterns were observed on 
both fertile and infertile sites although the quantities of N contained in the 
stands differed considerably (228). As the forest community matures, the rate 
of nutrient return to the soil matches nutrient uptake and, in over-mature 
stands, return exceeds uptake (178). 

Under certain climatic and edaphic conditions, mineralization is slow and 
N tends to accumulate in the forest floor and soil. Better forest development 
will occur if mineralization is hastened through the addition of priming 
substances. The necessity of exceeding a threshold amount of N in order to 
overcome the natural tendency of the site to hold added N was demonstrated 
(141). 

The distribution of N among the soil, forest floor, and vegetation has been 
studied extensively in the Douglas-fir region of Washington (90, 101). The 
movement of fertilizer N in some of these soils has been followed by Cole and 
Gessel (51). They found that 93% of ammonium sulfate and 85% of urea, each 
added to the surface of the forest floor at a rate to give 224 kg N/ha, moved 
through the top 2.5 cm of the forest floor in 30 days (with 29 cm of 
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precipitation). However, less than 0.5 kg N/ha reached the normal maximum 
rooting depth of the trees in that soil (90 cm). 

Increased availability of N on the site may also occur through the action of 
biotic forces. The presence of both conifers (224) and Lycopodium (225) have 
been shown to increase the availability of N in the soil to other plants. In both 
instances, improvement has been attributed to increased mineralization 
rather than N fixation. Accretion via N fixation has also been associated with 
the growth of pines (184). Tracer N studies suggested that fixation was 
associated with the surrounding soil rather than the roots. 

Highly significant accumulations of N by nodulated forest trees and an 
increase in N content and growth of associated conifers have been reported 
for red alder and Douglas-fir, respectively (229, 232, 235). 

The rate of nutrient cycling can be estimated in part through the collection 
of litter produced under different forest stands and subsequent chemical 
analysis. Such collections in various locations have yielded estimates of 
annual litter production ranging from about 3000 to 6000 kg/ha in both 
warm temperate and cool temperate climates. The closeness of some 
values is notable. In South Carolina, Metz (142) recorded 6293 kg/ha/yr 
while in North Carolina, Wells et al. (253) reported 5725 kg/ha/yr and in 
New Hamsphire, Grosz ef al. (95) recorded an average of 5702 kg/ha/yr. 
These were all mixed hardwood stands. The litterfall is usually less under 
conifers growing under similar climatic conditions (142, 253). Metz (142) 
reported twice as much N/ha was returned by hardwoods and Wells et al. 
(253) showed 57.7% as much N/ha in the litter under their pine stand as from 
the hardwood litter in an adjacent stand. It is noteworthy that, even in their 
pine stand, the hardwood understory provided 36.4% of the N detected. 

A recent study of nutrient cycling in a Jeffrey pine (Pinus jeffreyi Grev. & 
Balf.) ecosystem offers some unique information. Stark (216) noted that 
fungi were the major litter decomposers and, when bacteria and especially 
insects were inhibited, litter breakdown was enhanced. Among items studied 
for their significance in the nutrient economy of the site was the pollen 
shower. Pollen certainly is lost in most litter collection traps. She concluded 
that pollen was a significant N source for the fungi in the F layer. 

Under the fairly harsh environment of the study site, she reported that 
either litter burning or raking resulted in hotter, drier soil in summer and 
colder, wetter soil in winter. This resulted in a slower decay of new litter and a 
decrease in the rate of nutrient cycling. 

Undoubtedly, the most interesting facet of Stark’s study was her detailed 
investigation of the role of rhizomorphs in the nutrient economy. Most of the 
rhizomorphs were probably not from mycorrhizal fungi. They were very high 
in their content of certain nutrients, especially Ca, N, P, K, Fe, Cu, and Zn. 
For instance, Ca was 85 to 100 times more concentrated in the rhizomorphs 
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than in the Jeffrey pine needle litter. She reported that the rhizomorphs were 
very effective nutrient storage organs. When leached with the equivalent of a 
year’s precipitation in 6 to 8 hours, they retained in excess of 99% of the ten 
elements under study. 


Harvesting 


It has never been disputed that forest harvesting removes some N from the 
site. The amounts contained in loblolly pines of various ages and sizes were 
reported by Metz and Wells (143). The significance of such removal has not, 
until recently, been regarded as a serious drain on site quality. However, 
several things have happened which have caused workers to reconsider this 
point. 

First, the advent of whole-tree logging and, more recently, of in-woods 
chipping have increased the amount of N removed from the site. Whole-tree 
logging of Scots pine in Finland has been reported to remove approximately 
twice as much N from the site as conventional short-wood harvesting and in- 
woods, whole-tree chipping removes about three times as much (132). 
However, it was reported that stumps and roots, if harvested, would remove 
only small additional amounts of N (132). Perhaps we are attempting to 
increase our utilization efficiency on the wrong end of the tree. 


A second change in forest management in many areas has been the 
significant reduction in rotation. age. As noted above (211), 77% of the N 
contained in a 60-year-old stand of loblolly pine was accumulated by age 23. 
Using these data, it can be calculated that rotations of 20 to 25 years, rather 
than 60 years, would almost exactly double the N drain from the site. 

As intensive forest management is practiced on increasingly poorer sites, 
the N capital of the site decreases and thus, the relative significance of 
removed N increases (251). It may become necessary to replace N on dry 
sites with low organic reserves and low exchange capacity or on wet sites with 
large accumulations of organic matter (251). 


Eventually, repeated growth of the same species on a site may result in the 
depletion of those forms of N which have served as the soil N pool in earlier 
stands. On certain sites in New Zealand, where Pinus radiata has been 
planted extensively as an exotic, second rotation plantings are showing a 
considerable reduction in growth (226). This may be a reflection of a 
significant drain on important soil N pools. 


The new, genetically improved pines now becoming increasingly available 
make intensive management, including careful stocking control, most 
attractive. These trees of greater growth potential with intensive management 
will undoubtedly place greater demands on a site than the native pine stands 
with minimum management. 
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Finally, it must be noted that all of these advances in management and 
harvesting techniques are mutually attractive. For example, a site in the 
South which is bedded and consequently put in a condition for more rapid N 
mineralization may be planted (at optimum spacing) with genetically 
improved growing stock. Competing vegetation may be controlled so N 
availability to the trees is maximized. Financial maturity of the stand will 
probably be reached in no more than 25 years and the stand will be harvested 
by some whole-tree harvesting device. The combination of these drains is 
almost guaranteed to have a major impact on the N economy of the site and, 
thus, on succeeding crops. 


Concluding Remarks 


In this review, we have attempted to discuss nearly all of the known 
biological, chemical, and geological reactions of N which may have some 
impact on the forest ecosystem. Nitrogen has been traced through its 
accumulation, transformations, and cycling on the site, and, finally, its 
transport off the site through either natural or man-controlled causes. From 
the academic point of view, the reader should have a better concept of this 
complex, geobiochemical system and from a practical point of view, we hope 
the reader has a better grasp of the potential impact of modern forest 
management on the N economy of any given site. With this information in 
hand, it should be easier than previously for the forest manager to decide 
which stands are likely to require N fertilization, when to fertilize those 
stands, which forms of N are likely to be efficient sources for the species 
involved, and at what rate to apply the fertilizer. 
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